Glioblastoma multiforme (GBM) is the most aggressive of the astrocytic malignancies and the most common intracranial tumor in adults. Although the epidermal growth factor receptor (EGFR) is overexpressed and/or mutated in at least 50% of GBM cases and is required for tumor maintenance in animal models, EGFR inhibitors have thus far failed to deliver significant responses in GBM patients. One inherent resistance mechanism in GBM is the coactivation of multiple receptor tyrosine kinases, which generates redundancy in activation of phosphoinositide-3′-kinase (PI3K) signaling. Here we demonstrate that the phosphatase and tensin homolog deleted on chromosome 10 (PTEN) tumor suppressor is frequently phosphorylated at a conserved tyrosine residue, Y240, in GBM clinical samples. Phosphorylation of Y240 is associated with shortened overall survival and resistance to EGFR inhibitor therapy in GBM patients and plays an active role in mediating resistance to EGFR inhibition in vitro. Y240 phosphorylation can be mediated by both fibroblast growth factor receptors and SRC family kinases (SFKs) but does not affect the ability of PTEN to antagonize PI3K signaling. These findings show that, in addition to genetic loss and mutation of PTEN, its modulation by tyrosine phosphorylation has important implications for the development and treatment of GBM.
The PTEN (phosphatase and tensin homolog deleted on chromosome 10) tumor suppressor gene encodes a phosphatase responsible for the removal of phosphate from the 3′ position of the phospholipid second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3), thus opposing mitogenic signaling mediated by the class 1 phosphoinositide-3′-kinases (PI3Ks) (1) . In recent years it has become clear that PTEN also performs a number of tumor suppressor functions independent of its lipid phosphatase activity, including the suppression of cell migration, maintenance of genomic stability, and inhibition of cell cycle progression (2⇓⇓-5). The PTEN gene is lost or mutated in ∼40% of glioblastoma multiforme (GBM) (6, 7) , and retention of PTEN protein expression has been linked with responses to epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) in GBM patients (8, 9) , suggesting that the detection of functional PTEN may inform the successful deployment of targeted therapeutics in this currently intractable disease. Even in cancer cells harboring wild-type PTEN genes, however, its protein function can be commandeered by a number of posttranslational modifications, including oxidation, phosphorylation, acetylation, and ubiquitination (10) . Moreover, the requirement for precise regulation of PTEN function is underlined by the observation that even a 20% reduction in PTEN gene dosage can predispose to malignant transformation (11) . Given these functionally relevant modifications, mere detection of wild-type PTEN in tumor cells may not convey the status of PTEN function, which can be critically associated with responsiveness to targeted therapeutics in GBM (8, 9) . Thus, dissection of PTEN modifications in the context of human cancer biology and defining the molecules mediating these changes is essential in determining prognosis and guiding optimal treatment regimens.
Tyrosine phosphorylation of PTEN by SRC-family kinases (SFKs) has been proposed to modulate its function in a number of ways, including loss of membrane interaction and altered protein stability (12⇓⇓-15). PTEN function is compromised in cells displaying high SFK activity, and in particular, inhibition of ErbB2-driven SRC activity by trastuzumab allows PTEN to suppress PI3K signaling in breast cancer cell lines (13, 14) . However, from these studies, it is unclear as to whether the observed effects on PTEN function are attributable to its tyrosine phosphorylation or whether they are mediated indirectly through the phosphorylation of other SRC substrates. Recently, the RAK nonreceptor tyrosine kinase has been shown to enhance PTEN tumor suppressor function by phosphorylating tyrosine 336, thus preventing its degradation by the proteasome (15) . This finding highlights the importance of accurately mapping the specific PTEN tyrosine residues phosphorylated in vivo and determining whether they have any role in clinical behavior or as predictors of relapse or indicators of prognosis. To this end, we used mass spectrometry to identify PTEN tyrosine phosphorylation sites and developed phospho-specific antibodies against one such site (Y240), which we used to study PTEN tyrosine phosphorylation in cell lines and primary tumor samples from GBM patients. This analysis led to the discovery that a significant SFK-independent Y240 kinase activity in GBM cells is attributable to fibroblast growth factor receptors (FGFRs), which interact with and phosphorylate PTEN in vitro and in vivo. From analyzing clinical samples, we also found that in addition to loss or mutation of PTEN, its phosphorylation at Y240 is linked to shortened survival and EGFR TKI resistance in GBM patients. Finally, we show that substitution of tyrosine 240 for phenylalanine enhances the ability of PTEN to sensitize cells to the EGFR TKI erlotinib and that activation of FGFR signaling can protect cells from erlotinib, concordant with induction of Y240 phosphorylation.
Results

Mapping of PTEN Tyrosine Phosphorylation Sites by Mass Spectrometry.
To identify tyrosine residues in PTEN that are phosphorylated by c-SRC, mass spectrometric profiling was performed with cells coexpressing PTEN and c-SRC. Four sites of tyrosine phosphorylation were identified in the PTEN phosphatase domain (Y46, Y68, Y155, and Y174), two sites in the PTEN C2 domain (Y240 and Y315), and one site, Y377, in the Cterminal tail (SI Appendix, Table S1 ). To study the dynamics of PTEN phosphorylation in cells and tissues, antibodies specific for phosphorylated tyrosine 240 (pY240) were generated. Y240 has been proposed to play an important role in PTEN function (12) , and correspondingly, this residue is highly conserved among vertebrate PTEN orthologs (SI Appendix, Fig. S1 ). Upon confirming the specificity of the pY240 antibody for Western blotting (SI Appendix, Fig.  S2 ), we then explored Y240 phosphorylation in GBM cell lines, a tumor type in which aberrant SFK activation is frequently observed (13, 16, 17) . Phosphorylation of endogenous PTEN at Y240 was readily detectable, both in the serial xenograft line, GBM39, which harbors the constitutively active EGFR deletion mutant ΔEGFR (also known as EGFRvIII) commonly expressed in GBM (18) (Fig. 1A) , and in primary neurosphere cultures derived from human GBM samples (Fig. 1B) . Interestingly, although SFKs were potently inhibited by the SRC/ABL inhibitor dasatinib, as revealed by a loss of autophosphorylation at a conserved tyrosine residue (Y419 in human c-SRC), there remained a significant dasatinib-resistant phosphorylation of PTEN at Y240, suggesting the existence of one or more additional Y240 kinases in GBM cells ( Fig. 1 B and C) .
SFK and FGFR-dependent phosphorylation of PTEN at tyrosine 240 in GBM cells. FGFRs Phosphorylate PTEN at Tyrosine 240. Because we observed phosphorylation of Y240 in cells growing under neurosphere conditions that included EGF and basic fibroblast growth factor (bFGF), we tested whether FGF-FGFR signaling may be involved in the phosphorylation of PTEN. This possibility was tested by treatment of GBM39 cells with PD173074, an FGFR family inhibitor (19) . Although ΔEGFR and SFK activation remained high in PD173074-treated GBM39 cells, PTEN Y240 phosphorylation was reduced by PD173074 alone, and the combination of dasatinib and PD173074 resulted in a complete extinction of Y240 phosphorylation (Fig. 1C) . To study further the phosphorylation of PTEN by SFKs and FGFRs, 293T cells were cotransfected with PTEN and either SRC, FGFR2, or FGFR3-two FGFR family members known to be activated in GBM samples (20) . Although expression of SRC induced Y240 phosphorylation of PTEN, as shown by pY240 blotting, we observed tyrosine phosphorylation of both wild-type and Y240F PTEN when blots were probed with pan-phosphotyrosine antibodies (Fig. 1D) . Thus, consistent with the mass spectrometry findings above, SRC phosphorylates multiple tyrosine residues on PTEN, including Y240. As expected from our studies of GBM39, Y240 phosphorylation driven by SRC was highly sensitive to dasatinib but resistant to inhibitors of FGFR or EGFR, suggesting direct phosphorylation of PTEN by SRC. In contrast, enforced expression of FGFR2 (Fig. 1E ) resulted in specific phosphorylation of Y240, as evidenced by almost complete loss of the pan-phosphotyrosine signal in the Y240F mutant. Consistent with our findings with GBM39, whereas the FGFR-driven phosphorylation of Y240 was sensitive to PD173074, it was unaffected by dasatinib treatment, confirming that FGFRs can phosphorylate Y240 independently of SFKs. This was also the case upon coexpression of PTEN with the activated FGFR3 mutant K650E (21) (SI Appendix, Fig. S3 ). Because overexpression of kinases can lead to phosphorylation of substrates not necessarily targeted under physiological conditions, we next investigated whether PTEN becomes phosphorylated at Y240 after bFGF stimulation of cells in the absence of any transfected proteins. Consistent with a physiological role for this modification, Y240 phosphorylation was undetectable in starved NIH-3T3 fibroblasts and was induced after addition of bFGF, peaking at 6-8 h after stimulation (Fig. 1F ). Y240 phosphorylation was also induced after bFGF stimulation of astrocytes isolated from ink4a/arf−/− mice (SI Appendix, Fig. S4 ).
In coimmunoprecipitation studies, the physical association of PTEN with FGFR2 and with FGFR3 ( Fig. 1G and SI Appendix, Fig. S5 ) reinforced a role for FGFRs in PTEN modification via phosphorylation. To secure evidence of a more direct role for FGFR in effecting these events, in vitro kinase assays were conducted using recombinant purified proteins. In these experiments, SFKs (SRC and LYN) and FGFR family kinases (FGFR2 and FGFR3) were able to directly phosphorylate GST-PTEN in vitro (SI Appendix, Fig. S6 ). These data suggest that FGFRs are highly specific Y240 kinases that may modulate PTEN function primarily through phosphorylation at this site, in contrast to SFKs, which regulate PTEN in a number of ways, presumably as a result of their ability to target multiple sites (13⇓-15). Although PTEN has been shown to interact with platelet-derived growth factor receptors (PDGFRs) (22, 23) , which are closely related to FGFRs, neither PDGFRα nor EGFR drove robust phosphorylation of Y240 in our in vitro assays (SI Appendix, Fig. S6 ). Our finding that SFKs and FGFRs both phosphorylate PTEN at Y240 is reminiscent of the capacity of these two classes of kinases to target a common site on the 90kDa ribosomal S6 kinase, RSK-2 (24, 25). Phosphorylation of Tyrosine 240 Does Not Affect the Ability of PTEN to Antagonize PI3K/AKT Signaling.
Both SFKs and FGFRs activate PI3K signaling by recruitment of the p85 regulatory subunit. The activity of PTEN to dephosphorylate PIP3 in membranes is also reduced upon coexpression with the SFK LCK (13) , and inhibition of ErbB2-SRC signaling by trastuzumab treatment of breast cancer cells coincides with an increase in membrane-associated (and therefore potentially active) PTEN (14) . These observations suggest that tyrosine phosphorylation of PTEN may inhibit its interaction with the plasma membrane, thus preventing access to PIP3. Conversely, it was previously reported that mutation of Y240, or of another SFK phosphorylation site, Y315, results in a loss of PTEN activity against PIP3 and concordant loss of tumor suppressor activity (12) . These observations would suggest that phosphorylation of PTEN, at least at Y240 and Y315, may serve to activate the enzyme and enhance its ability to antagonize PI3K signaling. In an attempt to reconcile these observations, we compared the activity of wild-type PTEN with the Y240F mutant in several assays of PTEN function. We first established conditions by which we could reconstitute PTEN-mutant U87MG cells with physiological levels of PTEN, as demonstrated by Western blot showing expression levels equivalent to the endogenous levels of PTEN found in GBM39, mouse astrocytes, and 293T cells (Fig. 2A) . We then analyzed the ability of wild-type and Y240F PTEN to cause G1 arrest in U87MG cells, a function dependent upon PTEN lipid phosphatase activity (26) . Mutation of Y240 did not affect the G1 arrest activity of PTEN (Fig. 2B) , suggesting that this allele retains lipid phosphatase activity in vivo. Furthermore, we assayed the ability of PTEN to antagonize AKT phosphorylation after mutation of a number of tyrosine phosphorylation sites ( Fig. 2C and SI Appendix, Table S1 ) to either phenylalanine, to block phosphorylation, or to glutamate, which in some instances is able to mimic the effects of phosphorylation. Significantly, neither mutation of Y240 nor Y315 to phenylalanine prevented PTEN from suppressing AKT phosphorylation, nor did mutation of either residue to glutamate (Fig. 2C) . Mutation of Y68 or Y155 to glutamate resulted in PTEN destabilization and increased AKT phosphorylation. Although it is possible that the inhibitory effects of SFK expression on PTEN activity and stability previously observed (13) could be due to phosphorylation at these sites, we found no evidence for Y68 or Y155 phosphorylation at endogenous levels of PTEN. Notably, point mutations resulting in substitution of Y68 and Y155 with cysteine or histidine and loss of PTEN function occur both in sporadic tumors and in the germline of patients with Cowden syndrome (27) . Thus, the destabilization of PTEN is likely attributable to a loss of secondary structure caused by mutation of these residues, both of which reside in core α-helices (28, 29) , rather than evidence for an effect of phosphorylation per se. To establish whether Y240 phosphorylation affects PTEN activity, we reconstituted PTEN-null astrocytes with either wild-type or Y240F PTEN. Even in the presence of constitutively active SRC, conditions under which PTEN tyrosine phosphorylation is readily detectable, the abilities of wild-type and Y240F PTEN to suppress AKT activation were indistinguishable ( Fig. 2D and SI Appendix, Fig. S7 ). Next, we used a heterologous assay in which the ability of PTEN to rescue growth of yeast expressing a membrane-targeted mammalian PIK3CA allele (p110α-CAAX) is dependent upon its interaction with the membrane and dephosphorylation of PIP3 (30⇓-32). Both the Y240F and Y240E alleles were equally capable of rescuing yeast expressing p110α-CAAX to viability as wild-type PTEN. In contrast, the lipid phosphatase-defective G129E mutant was unable to restore growth in the presence of p110α-CAAX (Fig. 2E) . Finally, we directly compared the activities of recombinant purified wild-type and Y240F PTEN against soluble PIP3 in vitro and found them to be indistinguishable (Fig. 2F) . Taken together, our data suggest that neither mutation of Y240 to phenylalanine nor phosphorylation of Y240 affect the ability of PTEN to dephosphorylate PIP3 and suppress PI3K signaling. It remains possible that a discrete pool of PTEN is modified by Y240 phosphorylation and that changes in the function of this specific fraction are masked in our assays of total cellular PTEN function. We are actively pursuing this possibility, together with our finding that Y240 phosphorylation peaks several hours after bFGF stimulation (Figs. 1F and 5D ), thus with kinetics distinct from those of PI3K/AKT pathway activation. Detection of PTEN Y240 Phosphorylation in GBM Patient Samples. Although PTEN tyrosine phosphorylation has been proposed to occur in human tumors, including GBM and breast cancer (12, 14, 15) , it has not previously been possible to audit this modification in primary patient samples. To test whether our antibodies were potentially suitable for detection of pY240 by immunohistochemistry, we conducted peptide competition experiments using formalin-fixed, paraffin-embedded (FFPE) material from PTEN-positive human GBM samples (SI Appendix, Fig. S8 ) and staining of FFPE sections from xenograft tumors of U87-ΔEGFR cells reconstituted with either wild-type PTEN or Y240F PTEN (Fig.  3A) . Whereas pY240 staining was evident in the tumors expressing wild-type PTEN, no reactivity was seen in tumor cells expressing the Y240F PTEN mutant, thus confirming the specificity of the antibodies for PTEN phosphorylated at Y240. Using the phospho-specific Y240 antibodies, we examined Y240 phosphorylation in a panel of GBM samples from two cohorts of patients at different institutions. As expected, GBM samples displayed heterogeneous staining for total PTEN, with a fraction of tumors exhibiting complete loss of PTEN expression. Of the PTEN-positive tumors analyzed at the University of São Paulo, 56 of 75 (75%) also displayed phosphorylation of Y240, suggesting that this modification is a common event in GBM (Fig. 3B) . Because the available antibodies for monitoring FGFR activation are not suitable for immunohistochemistry of tissue sections, we analyzed FGFR expression levels by quantitative real-time PCR (qPCR). Consistent with our finding that FGFRs mediate PTEN phosphorylation in vitro, upon determining mRNA levels for the FGFR family members 1-4 by qPCR, we observed an increased expression (P < 0.05) of FGFR3 in those samples that displayed Y240 phosphorylation in the São Paulo cohort (Fig. 3C) . When we analyzed those GBM samples that displayed elevated expression of EGFR (mRNA levels greater than median; SI Appendix, Table S2 ), we observed a striking association between Y240 phosphorylation and decreased overall survival (Fig. 3D) (median survival pY240-negative, 12 mo; median survival pY240-positive, 6 mo; P = 0.006). Sequencing revealed heterozygous PTEN mutations in several tumors, suggesting that mutant PTEN may also be targeted by Y240 phosphorylation (SI Appendix, Table S3 ). Staining of a GBM tissue microarray (TMA) from an independent validation set at the University of California, Los Angeles (UCLA) (Fig. 3E) revealed a similar frequency (82%) of p-PTEN staining among PTEN-positive samples (SI Appendix, Tables S2 and S4). We also observed pY240 staining in regions of residual PTEN expression in GBMs that showed intratumoral heterogeneity for expression of PTEN, exemplified in case 2, which interestingly also displays SFK activation restricted to the PTEN-positive region (Fig. 3E) . Thus, PTEN function may be compromised by multiple genetic and posttranslational mechanisms within a single tumor-in the present case, loss of PTEN expression or modulation of PTEN function through Y240 phosphorylation. Examination of multiple slides from the São Paulo and UCLA studies revealed a largely nuclear localization for p-PTEN in the São Paulo samples, not apparent in slides from the UCLA patients or our xenograft material (compare Fig. 3 A and E with Fig. 3B ). Staining of multiple slides from São Paulo at UCLA recapitulated this nuclear staining pattern (SI Appendix, Fig. S9 ), leading us to conclude that differences in the apparent localization of the pY240 signal are due to differences in the fixation and processing of the samples at the two institutions.
Phosphorylation of PTEN in GBM patient
PTEN Y240 Phosphorylation Is Increased in EGFR TKI-Resistant GBM.
Because the presence of functional PTEN, together with expression of ΔEGFR, has been associated with response to the EGFR TKIs gefitinib and erlotinib in GBM patients (8, 9), we next analyzed PTEN phosphorylation in tumor tissue sections from GBM patients from an EGFR kinase inhibitor clinical trial (9) . Significantly, tumors with high PTEN Y240 phosphorylation (P = 0.028) were those that failed to respond to EGFR inhibitors, despite expressing ΔEGFR and wild-type PTEN (Fig. 4A) . Furthermore, we discovered that in two patients whose tumors initially responded to treatment but later acquired resistance, the PTEN pY240 levels were initially low but in the resistant tumors had increased to levels similar to those seen in the tumors that displayed resistance at the initiation of therapy (Fig. 4B) . We also interrogated both the GBM TMA and TKI clinical trial samples for SFK activation by staining for Y419 phosphorylation and observed tight correlations with PTEN phosphorylation and TKI resistance ( Fig. 3E and SI Appendix, Figs. S10 and S11 and Table S4 ), suggesting that SFKs may play important roles in TKI resistance in GBM, including but likely not restricted to, their contribution to PTEN phosphorylation. Although there are only a relatively small number of patients available from the EGFR TKI trial, all of which we examined, when taken together our findings suggest a link between PTEN phosphorylation and resistance to EGFR inhibitors in GBM. Furthermore, the persistence of PTEN and SFK phosphorylation observed in resistant tumors is consistent with a role for alternative receptor tyrosine kinases, such as FGFRs, in driving resistance by maintaining mitogenic signaling in the face of EGFR inhibition (20) . To test for specific effects of PTEN Y240 phosphorylation on sensitivity to EGFR inhibitors in a genetically defined system, we reconstituted PTEN-null astrocytes expressing ΔEGFR (33) with either wild-type or Y240F PTEN. Introduction of the PTEN Y240F mutant sensitized these cells to erlotinib, whereas the wild-type PTEN allele lacked this activity ( Fig. 5A ; P < 0.01 at 500 nM/P < 0.001 at 2.5 μM). These data suggest that in addition to being a marker for EGFR TKI resistance, phosphorylation of PTEN at Y240 plays a causative role in driving resistance.
Phosphorylation of PTEN is increased in EGFR TKI
Finally, on the basis of our findings that FGF signaling can drive phosphorylation of PTEN, we tested the potential for FGF to mediate resistance to EGFR inhibition. Consistent with the observed sensitivity of GBM39 to erlotinib in vivo (34) , in the absence of exogenous growth factors treatment of GBM39 cells with erlotinib for 48 h resulted in cell rounding and detachment from the laminin substrate, induction of poly (ADP-ribose) polymerase (PARP) cleavage and loss of viability as measured by WST1 assay, all of which were blocked by the inclusion of bFGF in the medium (Fig. 5 B and C and SI Appendix, Fig. S12 ). Analysis of acute signaling changes in response to erlotinib treatment revealed a loss of AKT activation and PTEN Y240 phosphorylation, both of which were restored after addition of bFGF, although as we previously observed after bFGF stimulation of fibroblasts (Fig. 1F) , Y240 phosphorylation was induced with delayed kinetics and only recovered to levels seen in untreated cells at 4 h after stimulation (Fig. 5D) . Taken together, these data indicate that phosphorylation of PTEN at Y240 compromises its ability to mediate responses to EGFR TKIs, consistent with our observations that Y240 is highly phosphorylated in nonresponder tumors that retained wildtype PTEN expression. Furthermore, stimulation of FGFR signaling by addition of exogenous bFGF, which induces PTEN Y240 phosphorylation, is able to render the EGFR TKI-sensitive GBM cell line GBM39 resistant to erlotinib, demonstrating the potential for FGFR signaling to drive resistance in vivo.
Discussion
Although aberrant SFK activation has been linked to the suppression of PTEN function (13, 14) , our study demonstrates that PTEN is tyrosine-phosphorylated in human tumors and provides a therapeutic rationale for attempting to inhibit this phosphorylation event in GBM. We have established that in addition to SFKs, the FGFRs also function as PTEN kinases, thus blocking PTEN phosphorylation in GBM will likely require combinations of tyrosine kinase inhibitors. Furthermore, the use of SFK inhibitors and/or FGFR inhibitors may sensitize resistant tumors to EGFR inhibition, at least in part, by suppressing PTEN phosphorylation. The finding that FGFRs phosphorylate PTEN is interesting in the context of recent observations that coactivation of multiple receptor tyrosine kinases (RTKs) is an important mechanism of resistance to TKIs in GBM cells, and that treatment of breast and lung cancer cell lines with PI3K or EGFR inhibitors induces transcription of several RTKs, including FGFR2 and -3 (20, 35⇓-37) . The signaling connection between FGFRs and PTEN may be of particular interest in those malignancies that frequently harbor activating mutations in FGFR, such as cancers of the breast, bladder, and endometrium (38) .
In addition to phosphorylation of PTEN by SFKs, PTEN also dephosphorylates SFKs on their conserved autophosphorylation site (Y419 in c-SRC) (2) . This activity is associated with inhibition of invasion in glioma cells and more recently has been shown to increase sensitivity to ErbB2 inhibition by trastuzumab in breast cancer cells (2, 39) , but it is unclear as to which signals may determine the outcome of the PTEN-SFK interaction. By invoking FGFR as an additional input into PTEN phosphorylation, our data may help to explain how this reciprocal interaction can be regulated. Indeed, in our analysis the GBM samples displaying resistance to EGFR TKIs and high PTEN Y240 phosphorylation also displayed increased SFK phosphorylation at Y419 (SI Appendix, Figs. S10 and S11), again supporting our hypothesis that PTEN function is compromised in these tumors.
Our data suggest that phosphorylation of PTEN at Y240 does not affect its ability to attenuate PI3K signaling on a whole-cell level. We cannot rule out the possibility, however, that a specific pool of PTEN is modified in this way and that PIP3 levels at a particular subcellular location are regulated by PTEN tyrosine phosphorylation. In this regard, spatially restricted control of PTEN activity and the existence of discrete PIP3 pools within the cell have been documented (40⇓⇓⇓-44). Alternatively, it is possible that Y240 phosphorylation affects a lipid phosphataseindependent function of PTEN, such as the control of cell migration or invasion, although we have not observed evidence for this, and it is less clear as to how this would impact on EGFR TKI sensitivity in vitro. We have not found evidence for an effect of Y240 phosphorylation on PTEN protein stability but are actively pursuing a potential role in directing PTEN to specific subcellular compartments. Our studies with the PTEN Y240F and Y315F mutants suggest that in contrast to a previous report (12) , these tyrosines are not required for PTEN tumor suppressor function. The previous study was conducted in the U251MG cell line, which harbors mutant p53 (45) , whereas the U87MG cells and murine astrocytes used in our study express wild-type p53. It is possible, therefore, that Y240 and Y315 become important for PTEN in the absence of functional p53, and we are investigating this possibility.
The contribution of suppressed PTEN function to a diverse range of malignancies suggests that our findings in GBM may be broadly applicable and that assessing the phosphorylation status of PTEN in patient biopsies will be a useful approach in guiding the treatment of multiple cancers and potentially other diseases associated with aberrant FGFR signaling.
Materials and Methods
Detailed descriptions of cell lines, antibodies and reagents, phosphorylation site mapping by mass spectrometry, PTEN phosphatase assays, yeast-based PTEN activity assays, U87MG xenografts, in vitro kinase assays, cell cycle analysis, drug sensitivity assays, and all immunohistochemical staining, qPCR, and statistical analysis of clinical samples are provided in SI Appendix, SI Materials and Methods. Experiments using animals were performed according to a protocol approved by the UCSD Institutional Animal Care and Use Committee. Human tumor specimens were obtained according to a protocol approved by the Institutional Review Board of UCLA.
